Introduction {#s1}
============

Optical coherence tomography (OCT) is a standard imaging technique that provides high-resolution, depth-resolved images of different tissue layers without the need for contrast agents. It is used in both clinical and research settings to noninvasively detect, monitor, and study multiple eye conditions in vivo, either in patients or animal models.^[@i2164-2591-7-5-4-b01]^ As OCT becomes more widely used to monitor retinal diseases, it is important to correctly identify the anatomical features that correspond to OCT image features for the human retina and multiple animal models.^[@i2164-2591-7-5-4-b02]^ Previous efforts to label OCT image features have relied on comparisons to histology.^[@i2164-2591-7-5-4-b02][@i2164-2591-7-5-4-b03]--[@i2164-2591-7-5-4-b04]^ However, the relative thickness and appearance of retinal layers is not always conserved between histology and OCT images, which complicates the labeling process.^[@i2164-2591-7-5-4-b02]^ Additionally, the main source of contrast in OCT is tissue backscattering, a property that cannot be directly compared to cell morphology in fixed samples. As a result, there is still controversy regarding the proper labeling of some retinal structures on OCT scans, particularly the bands associated with the photoreceptors and retinal pigment epithelium (RPE).^[@i2164-2591-7-5-4-b04],[@i2164-2591-7-5-4-b05]^

One of the major scattering sources in the retina is melanin, which is located in the RPE and choroid. Retinal melanin varies with age and between individuals, and pigmentation changes are also associated with diseases such as age-related macular degeneration (AMD)^[@i2164-2591-7-5-4-b06]^ and retinitis pigmentosa.^[@i2164-2591-7-5-4-b07]^ In AMD, hyperpigmentation which may be due to RPE cell dysfunction, followed by hypopigmentation due to RPE cell loss is observed in geographic atrophy. These pigmentation changes in the RPE are thought to happen before dysfunction and death of the photoreceptors and thus could be predictive of disease progression.^[@i2164-2591-7-5-4-b06],[@i2164-2591-7-5-4-b08]^ Melanin is a major contributor to the appearance of the OCT RPE band and by extension the surrounding bands corresponding to the photoreceptors and Bruch\'s membrane.^[@i2164-2591-7-5-4-b09],[@i2164-2591-7-5-4-b10]^ An independent, validated method to image the melanin would allow researchers to quantify changes in pigmentation in the RPE and better understand how melanin affects OCT images, which could lead to a better understanding of diseases for researchers and better diagnosis and monitoring tools for clinicians.

Multiple imaging techniques have been developed to detect retinal melanin. Near-infrared autofluorescence (excitation at 787 nm) can be used to detect melanin in the RPE and choroid but is limited to two-dimensional (2D) en face imaging, and quantifying melanin in these images is not currently possible.^[@i2164-2591-7-5-4-b11][@i2164-2591-7-5-4-b12]--[@i2164-2591-7-5-4-b13]^ Photoacoustic microscopy (PAM) has also been used to image and quantify the distribution of melanin in the RPE and choroid.^[@i2164-2591-7-5-4-b14]^ Due to its low axial resolution PAM has mostly been used to create 2D en face images, but recent improvements have been made to distinguish the RPE from the choroid and produce depth-resolved images.^[@i2164-2591-7-5-4-b15]^ Functional OCT techniques such as polarization-sensitive (PS-OCT)^[@i2164-2591-7-5-4-b16]^ and photothermal OCT (PT-OCT)^[@i2164-2591-7-5-4-b17],[@i2164-2591-7-5-4-b18]^ have also been used to detect retinal melanin. Since they are based on the OCT signal, both modalities can produce 3D images of the retinal melanin distribution with axial and transverse resolution similar to OCT. Additionally, these images of melanin distribution are automatically coregistered to corresponding OCT intensity images showing retinal morphology. However, PS-OCT and PT-OCT use different contrast mechanisms. PS-OCT measures the depolarization of backscattered light and has been used to detect the presence of melanin in patients^[@i2164-2591-7-5-4-b19]^ and animal models^[@i2164-2591-7-5-4-b20]^ and to segment to RPE.^[@i2164-2591-7-5-4-b21]^ However, the degree of polarization uniformity measured with PS-OCT depends on the scattering properties of the sample, especially the size and shape of pigment granules, and does not decrease uniformly with respect to melanin concentration, especially at high melanin concentrations.^[@i2164-2591-7-5-4-b22]^ This limits the ability of PS-OCT for quantitative measurements. Alternatively, PT-OCT detects melanin based on its absorption coefficient. PT-OCT could be used to directly image and quantify retinal melanin to disambiguate the OCT signal in regions of the retina such as the RPE where melanin is present.

PT-OCT is performed by combining an amplitude-modulated laser to an OCT system, where the wavelength of this additional laser corresponds to a region of high absorption for the contrast agent (e.g., melanin). The absorbed light creates a small increase in temperature around the contrast agent, which causes a local expansion of the tissue and a change in the refractive index. Both effects cause a change in optical path length, which is detected as a change in phase of the OCT signal at the same frequency as the amplitude-modulation frequency of the laser. The PT-OCT signal is then computed during postprocessing and shows the location of the contrast agent in the OCT field of view. In previous studies, PT-OCT has been demonstrated in vitro,^[@i2164-2591-7-5-4-b18]^ ex vivo,^[@i2164-2591-7-5-4-b23]^ and in vivo^[@i2164-2591-7-5-4-b24]^ using exogenous contrast agents such as gold nanoparticles^[@i2164-2591-7-5-4-b25]^ or indocyanine green.^[@i2164-2591-7-5-4-b26]^ More recently, PT-OCT of melanin has been demonstrated in vivo in skin^[@i2164-2591-7-5-4-b27]^ and in the mouse eye.^[@i2164-2591-7-5-4-b28]^ The PT-OCT signal is linearly proportional to the absorption coefficient of a sample and can thus be used to evaluate relative concentrations of a contrast agent.^[@i2164-2591-7-5-4-b24]^

In this study, PT-OCT was used to image the zebrafish eye, to our knowledge for the first time. Zebrafish have a cone-rich retina that can be imaged with OCT.^[@i2164-2591-7-5-4-b10],[@i2164-2591-7-5-4-b29],[@i2164-2591-7-5-4-b30]^ Many genetically modified lines are also available.^[@i2164-2591-7-5-4-b31]^ Genetically modified zebrafish in which pigment synthesis is disrupted resulting in cells either expressing or not expressing melanin (tyrosinase-mosaic)^[@i2164-2591-7-5-4-b10]^ were used to image variations in pigmentation within the same eye. Additionally, melanosome translocation within the RPE cells due to light or dark adaptation is a well-known phenomenon in wild-type (WT) zebrafish.^[@i2164-2591-7-5-4-b32]^ This specific and highly repeatable perturbation was used to image subcellular changes in pigment distribution. In summary, we demonstrate that the PT-OCT signal is specific to melanin and sensitive to different pigmentation levels and distribution in the zebrafish retina.

Methods {#s2}
=======

Instrumentation and Signal Analysis {#s2a}
-----------------------------------

A commercial spectral domain OCT system (Envisu R-2200, λ = 860 nm, 93-nm bandwidth, 36-kHz acquisition rate; Bioptigen, Durham, NC) was modified to perform PT-OCT imaging. A diode laser (λ = 685 nm; Coherent Inc., Santa Clara, CA) was added to the light path to provide photothermal excitation using a 50:50 fiber coupler. The diode laser was amplitude modulated internally following a square wave of frequency f~0~ = 500 Hz, 50% duty cycle. From the 50:50 coupler, the light was directed into the reference and sample arm. A wideband optical circulator (AC Photonics, Santa Clara, CA) was used to send the backscattered light to a spectrometer and 2048 pixels CCD. The OCT light source originally had a power of 0.7 mW at the sample, but after the addition of the circulator, the power at the sample was reduced to 0.47 mW. The peak power of the photothermal laser was varied between 0 and 4.3 mW at the sample, depending on the experiment. A mouse retina lens (Bioptigen) was used to focus the light onto the zebrafish retina. Data were acquired using software (InVivoVue 2.4; Bioptigen). Each PT-OCT A-scan was composed of 700 repeated scans over time (M-scan), with 400 A-scans per B-scan. A PT-OCT B-scan took approximately 7 seconds to acquire. OCT volume scans and OCT line scans were also acquired for each eye. OCT volume scans were nominally 1.2 × 1.2 mm (500 A-scans/B-scans, 500 B-scans), and OCT line scans were nominally 1.2 mm (400 A-scans/B-scan, 50 averaged B-scans). Both scan types were scaled according to the protocol in Huckenpahler et al.^[@i2164-2591-7-5-4-b29]^

Image analysis was performed following data collection using a custom MATLAB code previously described in Tucker-Schwartz et al.^[@i2164-2591-7-5-4-b24]^ The raw data was first resampled from wavelength to wavenumber, dispersion corrected,^[@i2164-2591-7-5-4-b33]^ and background subtracted. A Chirp-Z transform was then used to obtain the OCT magnitude and the phase signal as a function of depth. The time derivative of the phase signal over 700 M-scans was then taken at each depth, and a Fourier transform was performed to transition the phase signal from the time domain to the frequency domain. The PT-OCT peak signal is defined as the magnitude of the Fourier transformed phase signal at f~0~ = 500 Hz, which is the photothermal laser modulation frequency. The PT-OCT noise signal is defined as the average signal from 250 to 400 Hz and 600 to 750 Hz. The PT-OCT signal is taken to be the noise signal subtracted from the peak signal and is expressed in units of nanometers of optical path length change due to the increased temperature.

Zebrafish {#s2b}
---------

Zebrafish studies were approved by the Institutional Animal Care and Use Committee at the Medical College of Wisconsin and conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. One-year-old adult WT and tyrosinase-mosaic zebrafish were used in this study. Tyrosinase-mosaic fish were created by injecting WT zebrafish embryos with CRISPR/Cas9 reagents targeting the *tyr* locus to cause mosaic gene inactivation and disruption of melanin synthesis as described in Wilk et al.^[@i2164-2591-7-5-4-b10]^ To determine if the PT-OCT signal is specific to melanin and observe how the PT-OCT signal changes as a function of the photothermal laser power, four mosaic zebrafish were imaged with OCT and PT-OCT while under anesthesia (Tricaine), using photothermal laser powers of 0, 1.8, 2.6, and 4.3 mW. To study the melanosome translocation due to light, two WT light-adapted and two WT dark-adapted fish were first imaged as preliminary data. This experiment was then repeated with *n* = 10 light-adapted zebrafish and *n* = 11 dark-adapted zebrafish. The light-adapted fish were exposed to normal ambient light starting at 7 AM and imaged 4 hours later. Dark-adapted fish were protected from light overnight until the following day, when they were imaged in a dark room.

En face OCT images of the RPE were created by segmenting the RPE layer and averaging the OCT signal following an algorithm described in Huckenpahler et al.^[@i2164-2591-7-5-4-b29]^ OCT B-scans were created by averaging the OCT intensity signal from each PT-OCT B-scan (700 repeated A-scans at each pixel). Longitudinal reflectivity profiles (LRPs) were created by averaging the OCT signal using MATLAB over 20 to 400 neighboring A-scans. Similarly, longitudinal absorption profiles (LAP) were created for the same regions by averaging the PT-OCT signal over neighboring A-scans. A median filter was used to reduce the noise of the OCT and PT-OCT images before creating the longitudinal profiles. In the case of the LRP and LAP created by averaging 400 A-scans, an image registration algorithm^[@i2164-2591-7-5-4-b34]^ was also used to align the retina over the entire B-scan before creating the longitudinal profiles.

Histology {#s2c}
---------

The zebrafish were decapitated immediately after imaging while still under anesthesia and after gill movement had stopped. The heads were fixed in 4% paraformaldehyde overnight. Light- and dark-adapted zebrafish had the eyes dissected from the head and embedded in paraffin for hematoxylin and eosin (H&E) histology. Tyrosinase-mosaic zebrafish had the eyes dissected from the head and the anterior segment removed prior to imaging the scleral aspect of the intact eyecup as in Wilk et al.^[@i2164-2591-7-5-4-b10]^

Statistical Analysis {#s2d}
--------------------

Statistical comparisons were done using statistical software (Prism; GraphPad, La Jolla, CA). In all cases, an *F*-test was used to determine if the variances of two experimental groups were equal. A 2-tailed, Student\'s *t*-test with unequal variance was used to compare the PT-OCT signal from pigmented and nonpigmented regions of interest (ROIs) of the retina in mosaic zebrafish. Linear fits were also performed to determine if the PT-OCT signal in a given ROI was increasing linearly as a function of photothermal laser power. The origin *y* = 0 was fixed for each fit since no PT-OCT signal should be detected when the photothermal laser is off (0 mW). Three criteria were used to determine the quality of the fit and if the PT-OCT signal was proportional to laser power: the slope, the coefficient of determination, and the sum of squared errors. First, fits with a slope smaller than −0.1 were rejected since a positive relationship is predicted by theory.^[@i2164-2591-7-5-4-b24]^ Second, the coefficient of determination *R*^2^ and the sum of squared residuals (SSR) were obtained as followed: $$\begin{document}\newcommand{\bialpha}{\boldsymbol{\alpha}}\newcommand{\bibeta}{\boldsymbol{\beta}}\newcommand{\bigamma}{\boldsymbol{\gamma}}\newcommand{\bidelta}{\boldsymbol{\delta}}\newcommand{\bivarepsilon}{\boldsymbol{\varepsilon}}\newcommand{\bizeta}{\boldsymbol{\zeta}}\newcommand{\bieta}{\boldsymbol{\eta}}\newcommand{\bitheta}{\boldsymbol{\theta}}\newcommand{\biiota}{\boldsymbol{\iota}}\newcommand{\bikappa}{\boldsymbol{\kappa}}\newcommand{\bilambda}{\boldsymbol{\lambda}}\newcommand{\bimu}{\boldsymbol{\mu}}\newcommand{\binu}{\boldsymbol{\nu}}\newcommand{\bixi}{\boldsymbol{\xi}}\newcommand{\biomicron}{\boldsymbol{\micron}}\newcommand{\bipi}{\boldsymbol{\pi}}\newcommand{\birho}{\boldsymbol{\rho}}\newcommand{\bisigma}{\boldsymbol{\sigma}}\newcommand{\bitau}{\boldsymbol{\tau}}\newcommand{\biupsilon}{\boldsymbol{\upsilon}}\newcommand{\biphi}{\boldsymbol{\phi}}\newcommand{\bichi}{\boldsymbol{\chi}}\newcommand{\bipsi}{\boldsymbol{\psi}}\newcommand{\biomega}{\boldsymbol{\omega}}\begin{equation}\tag{1}SSR = \sum\limits_i {{{({y_i} - {f_i})}^2}} \end{equation}\end{document}$$ $$\begin{document}\newcommand{\bialpha}{\boldsymbol{\alpha}}\newcommand{\bibeta}{\boldsymbol{\beta}}\newcommand{\bigamma}{\boldsymbol{\gamma}}\newcommand{\bidelta}{\boldsymbol{\delta}}\newcommand{\bivarepsilon}{\boldsymbol{\varepsilon}}\newcommand{\bizeta}{\boldsymbol{\zeta}}\newcommand{\bieta}{\boldsymbol{\eta}}\newcommand{\bitheta}{\boldsymbol{\theta}}\newcommand{\biiota}{\boldsymbol{\iota}}\newcommand{\bikappa}{\boldsymbol{\kappa}}\newcommand{\bilambda}{\boldsymbol{\lambda}}\newcommand{\bimu}{\boldsymbol{\mu}}\newcommand{\binu}{\boldsymbol{\nu}}\newcommand{\bixi}{\boldsymbol{\xi}}\newcommand{\biomicron}{\boldsymbol{\micron}}\newcommand{\bipi}{\boldsymbol{\pi}}\newcommand{\birho}{\boldsymbol{\rho}}\newcommand{\bisigma}{\boldsymbol{\sigma}}\newcommand{\bitau}{\boldsymbol{\tau}}\newcommand{\biupsilon}{\boldsymbol{\upsilon}}\newcommand{\biphi}{\boldsymbol{\phi}}\newcommand{\bichi}{\boldsymbol{\chi}}\newcommand{\bipsi}{\boldsymbol{\psi}}\newcommand{\biomega}{\boldsymbol{\omega}}\begin{equation}\tag{2}{R^2} = 1 - {{SSR} \over {\sum\limits_i {{{({y_i} - \bar y)}^2}} }}\end{equation}\end{document}$$Where *y~i~* are the experimental PT-OCT values, *f~i~* are the values predicted by the linear fit, and $\begin{document}\newcommand{\bialpha}{\boldsymbol{\alpha}}\newcommand{\bibeta}{\boldsymbol{\beta}}\newcommand{\bigamma}{\boldsymbol{\gamma}}\newcommand{\bidelta}{\boldsymbol{\delta}}\newcommand{\bivarepsilon}{\boldsymbol{\varepsilon}}\newcommand{\bizeta}{\boldsymbol{\zeta}}\newcommand{\bieta}{\boldsymbol{\eta}}\newcommand{\bitheta}{\boldsymbol{\theta}}\newcommand{\biiota}{\boldsymbol{\iota}}\newcommand{\bikappa}{\boldsymbol{\kappa}}\newcommand{\bilambda}{\boldsymbol{\lambda}}\newcommand{\bimu}{\boldsymbol{\mu}}\newcommand{\binu}{\boldsymbol{\nu}}\newcommand{\bixi}{\boldsymbol{\xi}}\newcommand{\biomicron}{\boldsymbol{\micron}}\newcommand{\bipi}{\boldsymbol{\pi}}\newcommand{\birho}{\boldsymbol{\rho}}\newcommand{\bisigma}{\boldsymbol{\sigma}}\newcommand{\bitau}{\boldsymbol{\tau}}\newcommand{\biupsilon}{\boldsymbol{\upsilon}}\newcommand{\biphi}{\boldsymbol{\phi}}\newcommand{\bichi}{\boldsymbol{\chi}}\newcommand{\bipsi}{\boldsymbol{\psi}}\newcommand{\biomega}{\boldsymbol{\omega}}\bar y\end{document}$ is the mean experimental value. As seen in [Equation 2](#tvst-07-04-27-e02){ref-type="disp-formula"}, *R*^2^ is not an appropriate measure of the quality of the fit in cases where the PT-OCT signal remains zero as the power increases, which is expected if no pigment is present in the ROI ($\begin{document}\newcommand{\bialpha}{\boldsymbol{\alpha}}\newcommand{\bibeta}{\boldsymbol{\beta}}\newcommand{\bigamma}{\boldsymbol{\gamma}}\newcommand{\bidelta}{\boldsymbol{\delta}}\newcommand{\bivarepsilon}{\boldsymbol{\varepsilon}}\newcommand{\bizeta}{\boldsymbol{\zeta}}\newcommand{\bieta}{\boldsymbol{\eta}}\newcommand{\bitheta}{\boldsymbol{\theta}}\newcommand{\biiota}{\boldsymbol{\iota}}\newcommand{\bikappa}{\boldsymbol{\kappa}}\newcommand{\bilambda}{\boldsymbol{\lambda}}\newcommand{\bimu}{\boldsymbol{\mu}}\newcommand{\binu}{\boldsymbol{\nu}}\newcommand{\bixi}{\boldsymbol{\xi}}\newcommand{\biomicron}{\boldsymbol{\micron}}\newcommand{\bipi}{\boldsymbol{\pi}}\newcommand{\birho}{\boldsymbol{\rho}}\newcommand{\bisigma}{\boldsymbol{\sigma}}\newcommand{\bitau}{\boldsymbol{\tau}}\newcommand{\biupsilon}{\boldsymbol{\upsilon}}\newcommand{\biphi}{\boldsymbol{\phi}}\newcommand{\bichi}{\boldsymbol{\chi}}\newcommand{\bipsi}{\boldsymbol{\psi}}\newcommand{\biomega}{\boldsymbol{\omega}}{y_i} - \bar y \approx 0\end{document}$). For this reason, the quality of the fit was determined to be acceptable if *R*^2^ \> 0.5, or SSR \< 1 in cases where *R*^2^ \< 0.5.

In the second part of this study, a two-tailed Student\'s *t*-test with equal variance was used to compare the average PT-OCT signal from dark-adapted fish (*n* = 11) and light-adapted fish (*n* = 10). A Student\'s *t*-test with equal variance was also used to compare the power spectrum amplitude of the dark-adapted and light-adapted zebrafish at two spatial frequencies (1/Δ*x*~1~ = 1/23.6 μm, 1/Δ*x*~2~ = 1/11.8 μm).

Results {#s3}
=======

PT-OCT Signal in the RPE Is Specific to Melanin {#s3a}
-----------------------------------------------

OCT and PT-OCT scans were acquired in all tyrosinase-mosaic fish. Pigmented and nonpigmented regions were identified based on the en face OCT image of the RPE, where pigmented regions had a higher OCT signal intensity compared to nonpigmented regions, as demonstrated in Wilk et al.^[@i2164-2591-7-5-4-b10]^ An example en face OCT image can be seen in [Figure 1A](#i2164-2591-7-5-4-f01){ref-type="fig"}. To confirm the location of the pigmented and nonpigmented regions, the en face OCT image was compared to an ex vivo posterior view of the eyecup ([Fig. 1B](#i2164-2591-7-5-4-f01){ref-type="fig"}), which shows identical pigmentation patterns. Two example B-scans from the same eye can be seen in [Figure 1C](#i2164-2591-7-5-4-f01){ref-type="fig"} where the PT-OCT signal has been overlaid onto the OCT signal. In this case, both PT-OCT B-scans were acquired using 2.85 mW of photothermal laser power. The PT-OCT signal is localized to the band corresponding to the RPE and is only present in pigmented sections of the retina ([Figs. 1A](#i2164-2591-7-5-4-f01){ref-type="fig"}, [1C](#i2164-2591-7-5-4-f01){ref-type="fig"}, orange lines). No PT-OCT signal is detected in nonpigmented regions (black lines, [Figs. 1A](#i2164-2591-7-5-4-f01){ref-type="fig"}, [1C](#i2164-2591-7-5-4-f01){ref-type="fig"}) or regions of the retina below the blood vessels (red circles, [Fig. 1C](#i2164-2591-7-5-4-f01){ref-type="fig"}). For all eyes (*n* = 4 eyes from four fish), B-scans acquired using 4.3 mW of photothermal laser power were divided in ROIs consisting of 10 neighboring A-scans. The average PT-OCT intensity was calculated for each ROI, and the ROI was classified as "pigmented" or "nonpigmented" based on the OCT en face and OCT B-scan images. Blood vessels degrade the OCT phase signal, resulting in poor signal-to-noise ratio (\<1) and poor phase stability. Blood vessels can be identified based on morphology in OCT B-scans and en face views and as regions of negative PT-OCT signal (\<−1 nm) in PT-OCT B-scans. No PT-OCT signal can be reliably detected from regions below blood vessels since noise dominates over signal. ROIs below blood vessels were thus not included in this analysis. As seen in [Figure 1D](#i2164-2591-7-5-4-f01){ref-type="fig"}, the PT-OCT signal in pigmented ROIs is significantly higher than for nonpigmented ROIs across all eyes (*P* \< 0.0001, Student\'s *t*-test, *n* = 53 nonpigmented and *n* = 150 pigmented ROIs). The nonpigmented ROIs have an average signal of 0.23 ± 0.53 nm (mean ± standard deviation), while the pigmented ROIs have an average signal of 5.71 ± 2.50 nm. This significant increase in signal intensity demonstrates that PT-OCT is sensitive and specific to melanin expression in the zebrafish eye.

![PT-OCT of melanin in tyrosinase-mosaic zebrafish. (A) En face OCT image of the RPE showing the pigmentation pattern. Areas of pigment are hyperreflective (white) while nonpigmented areas are hyporeflective (dark). (B) Posterior view of the eyecup. White circle indicates field of view shown in (A) where areas of pigment are dark and nonpigmented areas are white. (C) OCT (gray) and PT-OCT (green, overlaid) B-scans of the retina. The locations of the B-scans are indicated by the lines in (A). Orange lines denote pigmented areas and black lines denote nonpigmented areas. Red circles indicate presence of blood vessels. (D) Average PT-OCT signal for all nonpigmented and pigmented ROIs across n = 4 eyes from four zebrafish. Each ROI is 10 A-scans wide. Whiskers on the box plot show minimum and maximum values for each distribution. \*\*\*\*P \< 0.0001 Student\'s t-test. RNFL, retinal nerve fiber layer; OPL, outer plexiform layer; PR, photoreceptors. Scale bar: 100 μm for OCT and 500 μm for histology.](i2164-2591-7-5-4-f01){#i2164-2591-7-5-4-f01}

The distribution of PT-OCT signal in the pigmented ROIs has a high standard deviation (2.50 nm) that does not match the phase stability of our system (\<1 nm). We hypothesize that the high variance in the PT-OCT signal over all pigmented ROIs is not the result of a high uncertainty on the measurements, but likely is a large range of absorption coefficients throughout the retina. Previous studies have confirmed that the PT-OCT signal is linearly proportional to the photothermal laser power and the local absorption coefficient of the sample.^[@i2164-2591-7-5-4-b24]^ Two perpendicular B-scans were thus acquired in each tyrosinase-mosaic eye at multiple photothermal laser powers to verify this linearity. As seen in [Figure 2A](#i2164-2591-7-5-4-f02){ref-type="fig"}, no PT-OCT signal is detected when the photothermal laser is off. However, a PT-OCT signal can be seen when the photothermal laser is set to 1.8 mW and increases when the laser is set to higher powers (2.6 and 4.3 mW). As predicted by theory, the average PT-OCT signal increases linearly as a function of photothermal laser power for each ROI consisting of 10 averaged A-scans ([Fig. 2B](#i2164-2591-7-5-4-f02){ref-type="fig"}). Following the same model of the PT-OCT signal,^[@i2164-2591-7-5-4-b24]^ the slope of the linear fit should be proportional to the melanin absorption in each ROI. High melanin absorption leads to a large slope (ROI 3, [Fig. 2B](#i2164-2591-7-5-4-f02){ref-type="fig"}), while nonpigmented areas have slopes equal or almost equal to zero (ROI 2, [Fig. 2B](#i2164-2591-7-5-4-f02){ref-type="fig"}). A melanin absorption value corresponding to the slope can thus be assigned to each ROI as seen in [Figure 2C](#i2164-2591-7-5-4-f02){ref-type="fig"}. The melanin absorption values are normalized based on the highest slope obtained in each eye. ROIs where the PT-OCT signal does not increase linearly nor remain stable as a function of power (*R*^2^ \< 0.5 and SSR \> 1, or slope \< −0.1) are considered to not behave as predicted by theory, and thus no information about the melanin absorption can be inferred. These ROIs usually coincide with blood vessels, as seen in [Figure 2C](#i2164-2591-7-5-4-f02){ref-type="fig"}. Melanin absorption values are displayed for four different eyes in [Figure 2D](#i2164-2591-7-5-4-f02){ref-type="fig"}. Regions of low melanin absorption coincide with nonpigmented (dark) regions, while pigmented (light) regions have a large range of melanin absorption values. This experiment demonstrates the potential for quantitative imaging of melanin levels using PT-OCT.

![PT-OCT signal of melanin increases linearly with power and is indicative of melanin concentration. (A) OCT B-scans (grayscale, left) of a tyrosinase-mosaic zebrafish retina with corresponding PT-OCT signal (overlaid in green on the left, signal alone on the right) collected at the same location for different photothermal laser powers (0--4.3 mW). Example ROIs 1, 2, and 3 indicated by arrows. Each ROI is composed of 10 adjacent A-scans. (B) Average PT-OCT signal for each ROI as a function of photothermal laser power. Error bars: standard error across 10 adjacent A-scans. Linear fits for each ROI 1, 2, and 3 with equations y = 0.74x (R^2^ = 0.96, SSR = 0.24), y = 0.02x (R^2^ = −0.35, SSR = 0.05), and y = 1.15x (R^2^ = 0.98, SSR = 0.23), respectively. (C) OCT B-scan (top), melanin absorption bar corresponding to the slopes extracted in (B) (middle) and corresponding PT-OCT B-scan (bottom), with location of ROIs indicated by arrows. Red circles indicate blood vessels. (D) Melanin absorption bar overlaid onto en face OCT images of the RPE for four different eyes. Melanin absorption is normalized for each eye. ROIs where the PT-OCT signal did not behave as predicted by theory (slope \< −0.1, R^2^ \< 0.5 and SSR \> 1) are excluded for the melanin absorption (empty space). Scale bar: 100 μm.](i2164-2591-7-5-4-f02){#i2164-2591-7-5-4-f02}

PT-OCT Is Sensitive to Melanosome Translocation {#s3b}
-----------------------------------------------

To visualize the axial distribution of melanin in the retina and to characterize the effect of melanin on the OCT signal, the PT-OCT signal as a function of depth was compared to the OCT signal at the same locations. OCT ([Figs. 3A](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3B](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3C](#i2164-2591-7-5-4-f03){ref-type="fig"}) and PT-OCT ([Figs. 3D](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3E](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3F](#i2164-2591-7-5-4-f03){ref-type="fig"}) B-scans were obtained in different zebrafish, and LRP and LAP ([Figs. 3H](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3I](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3J](#i2164-2591-7-5-4-f03){ref-type="fig"}) were computed by averaging 20 adjacent A-scans for each ROI (1 and 2). From the LAP of the tyrosinase-mosaic zebrafish in [Fig. 3H](#i2164-2591-7-5-4-f03){ref-type="fig"} (green), some low background PT-OCT signal can be seen in the nonpigmented ROI (ROI 1, left) with a strong increase in PT-OCT signal due to melanin in the pigmented region (ROI 2, right). Additionally, the central PT-OCT peak corresponds to the RPE as seen in the OCT image. There is also a second smaller PT-OCT peak at the junction between the photoreceptor layer and the RPE, and a third PT-OCT peak inside the RPE. Peaks of such intensities were not present in the nonpigmented region.

![OCT and PT-OCT signal in the zebrafish retina as a function of depth. OCT (A--C) and PT-OCT (D--F) B-scans of light-adapted tyrosinase-mosaic zebrafish (top), WT light-adapted zebrafish (middle), and WT dark-adapted zebrafish (bottom) with LRP (OCT, black) and LAP (PT-OCT, green) for each ROI (H--J) 1 (left) and 2 (right). Each ROI is averaged over 20 adjacent A-scans. In (H), ROI 1 is nonpigmented, and ROI 2 is pigmented. Scale bar: 50 μm.](i2164-2591-7-5-4-f03){#i2164-2591-7-5-4-f03}

A WT light-adapted zebrafish was imaged ([Figs. 3B](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3E](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3I](#i2164-2591-7-5-4-f03){ref-type="fig"}) under the same conditions during a separate experiment, and a similar three-peak pattern can be seen in the PT-OCT signal ([Fig. 3E](#i2164-2591-7-5-4-f03){ref-type="fig"}, green), with the central peak of the LAP corresponding to the RPE and the anterior-most peak corresponding to the junction of the photoreceptors and RPE layer. This pattern was consistent and did not change with proximity to the optic nerve head.

Melanosome translocation within the RPE under different light conditions is a known phenomenon in zebrafish.^[@i2164-2591-7-5-4-b32]^ Under light adaptation, melanosomes should migrate to the anterior part of the RPE cells, between the individual cone outer segments, and under dark adaptation, the melanosomes should be segregated in the basal part of the RPE cells, farther away from the cones. The previous experiment was repeated on a WT zebrafish that was dark-adapted for 3 hours. Our hypothesis was that under dark adaptation, the melanosomes should be confined to the basal RPE and should not overlap with the photoreceptors. As seen in [Figures 3C](#i2164-2591-7-5-4-f03){ref-type="fig"} and [3F](#i2164-2591-7-5-4-f03){ref-type="fig"}, the PT-OCT signal peak obtained in the dark-adapted zebrafish corresponds to the RPE. The LAP ([Fig. 3J](#i2164-2591-7-5-4-f03){ref-type="fig"}) shows a single peak without side peaks, contrary to what is seen in the light-adapted zebrafish ([Figs. 3H](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3I](#i2164-2591-7-5-4-f03){ref-type="fig"}). For this experiment, the tyrosinase-mosaic zebrafish ([Figs. 3A](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3D](#i2164-2591-7-5-4-f03){ref-type="fig"}, [3H](#i2164-2591-7-5-4-f03){ref-type="fig"}) was imaged with 4.72 mW of photothermal laser power, while the WT light-adapted zebrafish and the WT dark-adapted zebrafish were imaged with respective powers of 2.61 and 2.85 mW; thus, the PT-OCT signal amplitude could not be compared between zebrafish for this experiment.

The melanosome translocation experiment was repeated in 10 WT light-adapted zebrafish and 11 WT dark-adapted zebrafish of the same age ([Fig. 4](#i2164-2591-7-5-4-f04){ref-type="fig"}) to confirm the results seen in the preliminary data ([Fig. 3](#i2164-2591-7-5-4-f03){ref-type="fig"}). All zebrafish were imaged on the same day with the same photothermal laser power (2.07 mW). The light-adapted zebrafish reliably display a three-band pattern ([Fig. 4A](#i2164-2591-7-5-4-f04){ref-type="fig"}) seen in previous experiments, while the dark-adapted zebrafish do not have such pattern ([Fig. 4B](#i2164-2591-7-5-4-f04){ref-type="fig"}). LRPs and LAPs were created by averaging the entire OCT and PT-OCT B-scan (400 A-scans) for each zebrafish ([Fig. 4C](#i2164-2591-7-5-4-f04){ref-type="fig"}, [4D](#i2164-2591-7-5-4-f04){ref-type="fig"}). B-scans without major blood vessels were chosen in each eye to optimize phase stability and the PT-OCT signal quality over the entire B-scan. As seen previously, three peaks are seen in the PT-OCT signal for all light-adapted zebrafish (see five example zebrafish in [Fig. 4C](#i2164-2591-7-5-4-f04){ref-type="fig"}), where the central peak corresponds to the RPE and the anterior-most peak overlaps with a photoreceptor band. This pattern was not seen in any of the dark-adapted zebrafish (see five examples in [Fig. 4D](#i2164-2591-7-5-4-f04){ref-type="fig"}) where the PT-OCT signal is limited to the RPE and is composed of a single peak. A Fourier transform of the LAPs seen in [Figures 4C](#i2164-2591-7-5-4-f04){ref-type="fig"} and [4D](#i2164-2591-7-5-4-f04){ref-type="fig"} was performed to analyze the spatial frequency distribution ([Fig. 4E](#i2164-2591-7-5-4-f04){ref-type="fig"}) for all 21 zebrafish. Two regions of spatial frequency are significantly different between the light-adapted group and the dark-adapted group, which correspond to the distance between the anterior-most and posterior-most absorption bands (Δ*x*~1~ = 23.6 μm) and between the anterior-most and middle bands (Δ*x*~2~ = 11.8 μm) in light-adapted zebrafish ([Fig. 4E](#i2164-2591-7-5-4-f04){ref-type="fig"}). This spatial frequency analysis quantitatively highlights the differences in PT-OCT depth profiles between the light- and dark-adapted groups (*P* = 0.0001 at 1/Δ*x*~1~ and *P* \< 0.0001 at 1/Δ*x*~2~, Student\'s *t*-test). Additionally, the average PT-OCT signal intensity per B-scan was calculated for both experimental groups ([Fig. 4F](#i2164-2591-7-5-4-f04){ref-type="fig"}). A significantly higher PT-OCT signal was detected in the light-adapted group compared to the dark-adapted group (*P* \< 0.0001, Student\'s *t*-test), which indicates higher melanin absorption in light-adapted zebrafish.

![PT-OCT signal in light-adapted and dark-adapted WT zebrafish. (A) OCT and PT-OCT B-scan of a light-adapted and (B) dark-adapted zebrafish (PT-OCT signal overlaid in green onto the OCT signal on the left, PT-OCT alone on the right). Scale bar: 50 μm. (C) LRP (OCT, black) and LAP (PT-OCT, green) for five light-adapted zebrafish and (D) five dark-adapted zebrafish. Horizontal dashed lines correspond to the PT-OCT intensity peaks. Solid gray area indicates PR. Δx~~1~~ and Δx~~2~~ indicate distances between PT-OCT peaks in the light-adapted zebrafish. (E) PT-OCT power spectrum obtained from the 10 light-adapted (red) and 11 dark-adapted (blue) zebrafish. Solid line: mean; shaded region: standard deviation. The spatial frequencies corresponding to 1/Δx~~1~~ and 1/Δx~~2~~ are indicated. (F) Average PT-OCT signal per eye for all dark-adapted (blue) and light-adapted zebrafish (red). Error bars: standard deviation. \*\*\*\*P \< 0.0001 Student\'s t-test.](i2164-2591-7-5-4-f04){#i2164-2591-7-5-4-f04}

Histology was performed on the zebrafish eyes to confirm melanosome translocation between the light- and dark-adapted groups. Example OCT B-scans can be seen in [Figure 5A](#i2164-2591-7-5-4-f05){ref-type="fig"} for the light-adapted zebrafish and [Figure 5B](#i2164-2591-7-5-4-f05){ref-type="fig"} for the dark-adapted zebrafish, with corresponding PT-OCT B-scans in [Figures 5C](#i2164-2591-7-5-4-f05){ref-type="fig"} and [5D](#i2164-2591-7-5-4-f05){ref-type="fig"}. As seen previously, the three-band pattern is present in the PT-OCT image of the light-adapted zebrafish ([Fig. 5C](#i2164-2591-7-5-4-f05){ref-type="fig"}), but not in the dark-adapted zebrafish ([Fig. 5D](#i2164-2591-7-5-4-f05){ref-type="fig"}). Histology was performed on the same zebrafish after imaging, and the corresponding histology sections are shown in [Figues 5E](#i2164-2591-7-5-4-f05){ref-type="fig"} and [5F](#i2164-2591-7-5-4-f05){ref-type="fig"}. As expected, the melanosomes in the light-adapted zebrafish have accumulated in the anterior part of the RPE cells and are surrounding the outer segments of the photoreceptors ([Fig. 5E](#i2164-2591-7-5-4-f05){ref-type="fig"}, OS). There are almost no melanosomes left in the posterior part of the RPE cells, where nuclei are visible. In comparison, the melanosomes in the dark-adapted zebrafish have migrated to the basal part of the RPE cells, farther away from the photoreceptors ([Fig. 5F](#i2164-2591-7-5-4-f05){ref-type="fig"}), which is expected in dark-adapted zebrafish.^[@i2164-2591-7-5-4-b32]^ These results confirm that melanosome translocation occurred as previously documented and that our light-adapted group and dark-adapted group have different melanin distributions within the RPE. From this study, we conclude that PT-OCT is sensitive to differences in melanin distribution and absorption between light- and dark-adapted zebrafish.

![Melanosome migration observed in histology sections. (A, B) OCT and (C, D) corresponding PT-OCT B-scans with (E, F) corresponding H&E histology sections from the same animal for both light-adapted (A, C, E) and dark-adapted (B, D, F) zebrafish. White arrowheads indicate different structures where melanin is present (coregistered between images A and C, and B and D, approximate location for images E and F). Scale bar: 50 μm for OCT and PT-OCT images, 25 μm for histology. INL, inner nuclear layer; ISe, photoreceptor inner segment ellipsoid zone; OS, photoreceptor outer segment.](i2164-2591-7-5-4-f05){#i2164-2591-7-5-4-f05}

Discussion {#s4}
==========

PT-OCT is a functional OCT technique that detects optical absorbers such as gold nanoparticles^[@i2164-2591-7-5-4-b25]^ or indocyanine green^[@i2164-2591-7-5-4-b35]^ and has recently been demonstrated in the eye for the first time.^[@i2164-2591-7-5-4-b28]^ In this study, we used PT-OCT to image the distribution of melanin in the zebrafish retina. Melanin is naturally present in the RPE, and changes in retinal pigmentation are observed in multiple eye conditions, such as AMD,^[@i2164-2591-7-5-4-b06]^ albinism,^[@i2164-2591-7-5-4-b36]^ and retinitis pigmentosa.^[@i2164-2591-7-5-4-b37]^ PT-OCT could provide a valuable imaging technique to quantify the distribution of melanin in the retina across different patients/diseases.

For this experiment, we first validated that the PT-OCT signal was specific to melanin by imaging tyrosinase-mosaic zebrafish. In the past, PT-OCT of melanin in the eye had only been tested by comparing WT mice to albino mice imaged during separate experiments.^[@i2164-2591-7-5-4-b28]^ Thus, the current study provided a more robust validation of PT-OCT sensitivity to melanin within a single retina. We further demonstrated that the PT-OCT signal for pigmented ROIs increases linearly with laser power, as predicted by theory. Thus, the high variance in PT-OCT signal over all pigmented ROIs does not appear to be the result of a high uncertainty on the measurements, but likely a large range of absorption coefficients throughout the retina. This result indicates that PT-OCT could be used to quantify changes in melanin concentration within the eye.

Next, we characterized changes in melanin distribution as a function of depth within the retina. The most noticeable feature observed in the PT-OCT signal is the three-band pattern that was reliably seen in light-adapted zebrafish across different experiments, zebrafish cohorts (WT and tyrosinase-mosaic), and photothermal laser powers. This three-band pattern was never seen in dark-adapted fish. We also detected an increase in PT-OCT signal intensity in the light-adapted zebrafish group compared to the dark-adapted group, even though dark adaptation alone is unlikely to cause changes in total melanin amounts and both groups were imaged at the same time of the day.^[@i2164-2591-7-5-4-b38]^ In the zebrafish, light-based melanosome migration is thought to control the exposure of the photoreceptors to incoming light.^[@i2164-2591-7-5-4-b32]^ During light adaptation, melanosomes surround the photoreceptors to absorb some of the excessive incoming light and reduce bleaching, while during dark adaptation the opposite situation takes place, and melanosomes migrate away from the photoreceptors to maximize their exposure to light. The same behavior was seen in our PT-OCT measurements: during light adaptation, more light was absorbed by the melanin and converted into heat, which increased the PT-OCT signal, while during dark adaptation, more light was absorbed by the photoreceptors and less melanin absorption occurred from the remaining light, leading to a decrease in the PT-OCT signal. However, it is not known if aggregation of melanosomes could also affect the absorption properties of melanin and change the PT-OCT signal between the light-adapted and dark-adapted groups. A similar study by Zhang et al.^[@i2164-2591-7-5-4-b09]^ used OCT to observe melanosome translocation in the RPE of frogs and observed an increase in OCT intensity with dark adaptation. This was due to the aggregation of the highly scattering melanosomes in the apical part of the RPE cells. This demonstrates that PT-OCT measurements provide complementary information to OCT by using a different contrast mechanism. Overall, both the changes in PT-OCT signal appearance and intensity indicate that PT-OCT is sensitive to intracellular changes in pigmentation. In the future, PT-OCT could be used to examine other models of retinal disease involving changes in pigmentation.^[@i2164-2591-7-5-4-b39]^

Comparing the OCT/PT-OCT signal to histology could lead to a better understanding of the anatomical features that lead to specific bands in the OCT signal. For example, in animal models with retinomotor movements, researchers could compare histology to the OCT and PT-OCT signal to better determine the origin of the outer retinal bands. In this study, the histology section of the light-adapted zebrafish shows some cone outer segments surrounded by melanin ([Fig. 4E](#i2164-2591-7-5-4-f04){ref-type="fig"}). In the corresponding OCT/PT-OCT image, the anterior-most band of the three-band PT-OCT pattern overlaps with one of the OCT photoreceptor bands, which could help localize the origin of the OCT bands. In comparison, the melanosomes in the dark-adapted zebrafish are segregated in the basal outer part of the RPE cells and do not overlap with any photoreceptors, which results in an absence of band-like features in the PT-OCT signal.

There are, however, limitations to this study. More comparative anatomy is needed before findings from the zebrafish can be generalized to humans. Additionally, shadowing and phase accumulation are two artifacts present in the PT-OCT signal^[@i2164-2591-7-5-4-b40],[@i2164-2591-7-5-4-b41]^ that will affect the signal intensity as a function of depth. For this reason, it is difficult to precisely quantify the distribution of melanin as a function of depth, and artifacts can be seen on some images (such as [Fig. 3F](#i2164-2591-7-5-4-f03){ref-type="fig"} where significant shadowing is seen below the RPE). In terms of experimental parameters, the photothermal laser power will have to be reduced in future studies to comply with American National Standards Institute (approximately 0.5 mW maximum permissible exposure at λ = 685 nm, compared to 1.8 mW used in this study). To translate this technique to human retinal imaging, scanning times will also have to be reduced, which could be accomplished by reducing the number of repeated A-scans acquired for each pixel and increasing the amplitude-modulation frequency of the photothermal laser.

In summary, we have demonstrated PT-OCT in the zebrafish eye, we believe for the first time. We have validated that the PT-OCT signal is specific to melanin. We have characterized changes in the PT-OCT signal based on light-driven melanosome translocation within RPE cells. Additionally, we have compared PT-OCT images to histology sections, which inform how different features of the OCT signal are interpreted. PT-OCT could be applied to the wide array of zebrafish models and other models of retinal diseases to facilitate mechanistic studies or identify early diagnostic features of diseases. In addition, PT-OCT could be used to monitor response to drugs that aim to correct defective melanin biosynthesis.
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